Introduction 45
The nervous system requires a constant supply of energy in order to maintain proper 46 functioning and thus exposure to metabolic stress can have severe consequences on neural 47 performance. In response to environmental stressors, such as anoxia, some insects are capable of 48 entering a reversible coma via complete neural shutdown. The onset of the coma is associated 49 with the loss of ion gradients and a large redistribution of ions between neurons, glia and the 50 interstitium, a phenomenon known as spreading depolarization (SD). SD has been described in 51 mammals for many years (Leao, 1944) and was more recently identified in insects (Rodgers et 52 al., 2010; Spong et al., 2016) . Key characteristics of SD have been well established and are 53 consistent in both mammalian and insect models, however there is still uncertainty about the 54 underlying mechanisms. Recovery following coma depends on the re-establishment of ion 55 gradients across cellular membranes. Several factors can influence the rate of recovery and 56 accumulation of extracellular adenosine contributes to a delay in recovery following SD in 57 mammalian models (Lindquist and Shuttleworth, 2012; 2017) . Here we investigated the role of 58 adenosine on the recovery from anoxic coma in an insect model of SD, the locust, Locusta 59 migratoria. 60
61
Adenosine is an endogenous metabolite that is essential to cellular activity and that 62 influences cellular energy requirements. It can act to protect cells against metabolic stress (Borea 63 et al, 2018) . However, in neural tissue extracellular adenosine accumulation results in delayed 64 recovery of synaptic transmission following SD (Lindquist and Shuttleworth, 2012; 2017) . Such 65 a delay in recovery of synaptic transmission can lead to increased cellular damage and impaired 66 function. This action of adenosine has been established in mammalian preparations and it has not 67 yet been explored in invertebrate models. Invertebrate adenosine receptors (ARs) have been 68 identified but their amino acid sequences have not been closely conserved and are dissimilar to 69 those of mammalian receptors, with less than 30% amino acid identity (Kalinowski et al, 2003; 70 Dolezelova et al, 2007) . Despite sequence variation, functional continuity has been found. 71
Adenosine receptor agonists and antagonists affect invertebrates similarly to mammals (Andretic 72 et al, 2008; Hendricks et al, 2000) . 73
In mammals, the effects of adenosine are mediated via four G-protein receptors, each 75 with varying distribution and affinity for adenosine. High affinity receptors (A1, A2a, A3) are 76 more readily bound with lower adenosine concentrations, whereas the low affinity receptor (A2b) 77 is favoured with high concentrations (Fredholm et al, 2001) . The A1 receptor is the most widely 78 distributed receptor throughout the mammalian central nervous system. Activation of A1 results 79 in a depression of excitatory transmission, and also leads to the reduction of cyclic-AMP 80 (cAMP) through the inhibition of adenylyl cyclase (Borea et al, 2018) . cAMP activates protein 81 kinase A (PKA) which has known protective effects on CNS function in locusts during thermal 82 stress (Armstrong et al, 2006) . Although the signalling pathways following adenosine receptor 83 (AR) activation are largely unknown in invertebrates, the inhibition of adenylyl cyclase may be 84 involved. 85
86
Locusts are resilient animals, with the ability to tolerate extended periods of anoxia and 87 recover from comas and SD (Rodgers et al, 2007) . This invertebrate model facilitates study of 88 the characteristics of SD at the molecular, cellular, and systemic levels. Anoxic comas can be 89 induced via water immersion, gas, or chemical anoxia (Rodgers et al, 2007) . Coma onset is 90 characterized by cessation of patterned neural activity, a ~40-50 mV drop in trans-perineurial 91 membrane potential (TPP), and a surge of extracellular potassium in the interstitium (Rodgers et 92 al, 2009 ). During recovery, neural excitability and patterned activity return, along with the 93 reestablishment of membrane potentials. The sequence and rate of recovery are affected by the 94 mode of anoxia and the conditions of the experiment. The return of motor patterns is indicative 95 of synaptic transmission recovery and was measured to observe the effect of pharmacological 96 manipulation on recovery rates. 97
98
We investigated the role of adenosine on induction to, and recovery from, anoxic coma 99 via water immersion and nitrogen gas in locusts. Based on mammalian findings, we predicted 100 that AR activation would delay recovery of neural activity, and that AR inhibition would 101 decrease recovery time. 
Animals 107
All experiments were performed on gregarious African migratory locusts, Locusta 108 migratoria migratorioides, aged 3-5 weeks past the final molt. Animals were taken from a 109 crowded colony located in the Animal Care Facility of the Biosciences Complex at Queen's 110 University (Kingston, Ontario, Canada). The colony is subject to a 12:12 hr light:dark 111 photoperiod schedule at a room temperature of 30 ± 1 °C during light hours and 26 ± 1 °C during 112 dark hours, and a constant humidity of 23 ± 1 %. Animals were fed wheat seedlings and a dry 113 mixture of 1-part skim milk powder, 1-part torula yeast, and 13-parts bran. 114 115
Whole animal water immersion 116
Male locusts were removed from the colony and submerged in a tank filled with room 117 temperature de-chlorinated tap water. Animals were held in individual compartments and were 118 left submerged for 20 minutes before being taken out of the tank, dried, and weighed. 119 120
Whole animal gas anoxia 121
Appendages were removed, an EMG electrode was inserted into the 3 rd abdominal 122 segment 1-2 mm above the spiracle and a silver ground wire was inserted into the anterior 123 portion of the thorax; both wires were secured with small drops of wax. Animals were placed 124 individually into a 50 mL syringe, fitted with a gas exchange at one end and an opening at the 125 other to allow for flow-through ( Fig 1) . A 5-minute baseline recording was taken with air 126 flowing through the syringe. After the baseline recording, nitrogen gas was turned on for 30 127 minutes. After 30 minutes the nitrogen gas was switched back to air to allow for recovery. 128 129 Figure 1. Gas anoxia intact preparation. A schematic diagram of the methods used during gas anoxia experiments. The intact animal is placed within a 50 mL syringe that is fitted with an air supply (gas in) at one end. An EMG electrode was placed in the 3rd abdominal segment, as indicated, to record neural motor patterning and excitability.
Semi-intact preparation 130
Male and female adult locusts were obtained, appendages and a portion of the pronotum 131 were removed, and a dorsal incision was made along the midline of the animal. Further 
Electrophysiology 161
Extracellular microelectrodes were made from filamented capillary tubes (1 mm 162 diameter; World Precision Instruments) pulled to a tip resistance of approximately 5-7 mW. Both 163 the electrode and the electrode holder were filled with 3 M KCl and connected to a DC amplifier 164 (model 1600 A-M Systems). Voltage was adjusted to zero with the electrode tip in locust saline, 165 the electrode was then inserted through the sheath of the MTG. Trans-perineurial potential (TPP) 166 was recorded for the entirety of the experiment. Ventilatory motor patterns were recorded from 167 one of the abdominal nerve roots with a suction electrode (World Precision Instruments). The 168 electrode was made from an unfilamented capillary tube 1 mm in diameter (World Precision 169
Instruments) which was pulled to a high-resistance tip before being broken to an appropriate 170 size. The signal was amplified using a differential AC amplifier (model 1700 A-M Systems) and 171 digitized with a DigiData 1322A digitizer (Molecular Devices). appropriate treatment for 20 minutes prior to immersion to ensure absorption. The preparation 208 was then flooded with saline to induce anoxia. Immersion saline was left on for 5 minutes and 209 then removed using a large syringe. The time to succumb was measured as the time between 210 immersion and the cessation of neural rhythm production, excitability, and the drop in TPP. The 211 time to recover was measured as the time between immersion saline removal and the return of 212 TPP, neural excitability, and motor patterning ( Fig 2B, C) . findings are consistent in insect models we investigated the influence of adenosine on the 233 recovery following anoxic coma. Adenosine had a dose-dependent effect on the recovery of 234 motor control in locusts. The time to succumb was not affected by treatments (One-RM ANOVA 235 P = 0.994). The recovery of ventilation (Rvent) did not vary across treatments (One-way RM 236 ANOVA P = 0.310) ( Fig 3A) , however the recovery of standing ability (Rstnd) was significantly 237 delayed in both adenosine groups (One-way RM ANOVA P < 0.001) ( Fig 3B) . The time to stand 238 following the return of ventilation also showed a significant difference between groups (One-239 way RM ANOVA P < 0.001) ( Fig 3C) . 240 241
Caffeine has a dose-dependent, biphasic effect on recovery from anoxic coma 242
Caffeine acts as an adenosine receptor antagonist, therefore we predicted that increasing 243 doses would decrease the time to recovery, contrasting the effects of adenosine. Caffeine had a 244 biphasic effect on recovery, with the 5 µL dose having the shortest Rvent (7.84 ± 1.57 mins) and 245
Rstnd (12.46 ± 2.07 mins) ( Fig 4A) , whereas the 15 µL dose had the longest recovery times (Rvent 246 11.19 ± 2.02 mins, Rstnd 17.11 ± 1.86 mins) ( Fig 4B) . The control group displayed times 247 intermediate to those from the caffeine groups (Rvent 9.63 ± 2.27 mins, Rstnd 16.08 ± 3.15 mins). 248
Although there was no statistically significant difference between caffeine 5 µL and control 249 (Holm-Šidák, Rvent P = 0.082; Tukey Test, Rstnd P = 0.056), the lowest caffeine dose shows a 250 clear decrease in time to recover ventilation and the time to stand. 251 
Caffeine decreases the time to recover neural excitability following gas anoxia 255
In order to further characterize the effect of caffeine on neural patterning, an 256 electromyographic electrode was used to record ventilatory rhythm during induction to and 257 recovery from anoxic coma. Caffeine treatment groups recovered neural excitability (Re) faster 258 than the control group following a 30-minute coma (One-way ANOVA P<0.001) ( Fig 5A) . Both 259 the 5 µL dose (Holm-Šidák, P < 0.001) and 10 µL dose (Holm-Šidák, P = 0.001), had 260 significantly shorter recovery times than the control (Fig 5B) . 261
The return of neural motor patterning (Rmp) was not significantly different among 262 treatment groups (One-way ANOVA, P = 0.171). Rmp was on average faster to recover in 263 caffeine 5 µL (4.56 ± 1.44 mins) than the control group (5.32 ± 1.36 mins), and caffeine 10 µL 264 (4.80 ± 1.27 mins). 265
Similarly, the return of Rvent was quicker on average in caffeine 5 µL (3.9 ± 0.9 mins) and 266 caffeine 10 µL (4.1 ± 1.1 mins), than in controls (4.4 ± 0.8 mins). however, there was no 267 statistical significance (One-way ANOVA P = 0.148). 
Adenosine increases recovery time 273
Adenosine treatment did not have an effect on the rate of induction to coma (Fig 6A) . 274
The Re of animals treated with 1mM adenosine [2.1 (1.15-3.38)] was significantly longer than 275 controls [0.9 (0.45-1.45)] (Dunn's Method, P = 0.012) ( Fig 6B) . Rmp was not significantly 276 influenced by adenosine treatment (Fig 6C) . The timing of TPP was not affected by the 277 adenosine treatments. 278 279
Caffeine affects coma induction and recovery rates 280
Compared to controls, animals treated with 10 -2 M caffeine lost neural excitability sooner 281 (Two-Way ANOVA, P = 0.043) and lost neural motor patterning (Fmp) sooner (Two-Way 282 ANOVA P = 0.001) during coma induction ( Fig 6A) . 283
Animals treated with 10 -3 M caffeine had a significantly longer Rmp (4.89 ± 0.50 mins) 284 compared to controls (2.76 ± 0.49 mins) (Holm-Šidák, P = 0.038) ( Fig 6C) . The return of motor 285 patterning following the return of neural excitability (Rmp-e) was significantly longer in 10 -3 M 286 
Adenylyl cyclase activation increases recovery time in intact animals 295
Preliminary research showed that forskolin, an adenylyl cyclase activator, increased Rstnd 296 compared to controls (One-Way ANOVA P = 0.034). NKH-477 was used as a forskolin 297 derivative, and DDA was used as an adenylyl cyclase inhibitor. NKH-477 had a longer Rmp (5.29 298 ± 0.52 mins) compared to controls (2.76 ± 0.35 mins) (Holm-Šidák, P = 0.001), however DDA 299 did not show a significant difference ( Fig 7A) . 300 Rmp-e was influenced by both treatments. However, there was a significant difference 301 between sexes (Holm-Šidák, P = 0.002). The DDA treatment increased Rmp-e compared to 302 controls in females only (Holm-Šidák, P = 0.007). The NKH-477 treatment increased Rmp-e 303 compared to controls in both males (Holm-Šidák, P = 0.009), and females (Holm-Šidák, P = 304 0.041) ( Fig 7B) . 305 306 307
Discussion 308 309
The mechanisms involved in SD propagation and recovery are not completely known and 310
we investigated the role of adenosine in locusts. We found that manipulation of the adenosine 311 receptor influences the timing of anoxic coma induction and recovery. Administration of 312 adenosine as a receptor agonist delayed recovery following coma in both intact and semi-intact 313 preparations. However, treatment with caffeine (AR antagonist), had mixed results. There was a 314 dose-dependent effect in intact locusts; lower concentrations shortened, and higher 315 Adenosine has been linked to the prolonged depression of synaptic transmission 321 following the restoration of ion gradients in mammalian models (Lindquist and Shuttleworth, 322 2012) . The build-up of extracellular adenosine contributes to the delay in recovery of synaptic 323 transmission during SD recovery. Adenosine production is dependent on metabolic state; under 324 physiological conditions, production primarily occurs intracellularly, however, when energy 325 levels are low extracellular production is increased 2000 , 1999 . The primary 326 mechanism for extracellular adenosine production is dephosphorylation of its precursor 327 molecules: ATP, ADP, and AMP. Vertebrates have four adenosine receptors (ARs), all with 328 different downstream pathways. Due to the lack of research surrounding invertebrate AR 329 function, it was unknown whether activation would result in similar effects as found in 330 mammals. We show that adenosine does lengthen the time of neural recovery following anoxic 331
coma. 332
Our initial results demonstrate a clear effect of adenosine on functional recovery. Only 333 males were used during whole-animal experiments to establish a clear pharmacological effect, 334 independent of sex. The time to stand in an intact animal depends on the recovery of synaptic 335 transmission and motor pattern generation. Our results agree with predictions, showing that 336 increased adenosine delays the time to stand, an effect that is exacerbated with an increased 337 concentration. This effect was not present in the time to succumb to coma or the time to recover 338 ventilation. This suggests that adenosine has differential roles and that some mechanisms are 339 independent of its effects. Entry to coma is dependent on the suppression of synaptic activity and 340 disruption of ionic gradients (Somjen, 2001 ). This process is associated with surges of 341 extracellular K + , and a decrease in extracellular sodium, chloride and calcium (Pietrobon and 342 Moskowitz, 2014). AR activation during this time may not have a large effect due to the 343 significant consequences of ion channel disruption. The ventilatory central pattern generator 344 (vCPG) is located within the MTG, allowing ventilation to act as a qualitative measure of 345 neuromuscular function during entry and recovery to coma (Rodgers 2007) . However, the time 346 to recover ventilation was not greatly affected by AR activation. This may be a consequence of 347 the mode of anoxia. Compared to gas or chemical anoxia, water immersion requires additional 348 recovery time to clear excess water from around the spiracles. This process may influence the 349 timing of ventilatory recovery, even in the presence of pharmacological agents. 350
A semi-intact preparation allowed for the measurement of trans-perineurial membrane 351 potential and the negative DC shift associated with SD. An additional recording from a 352 ventilatory nerve assessed changes in neural excitability and motor pattern generation. Both male 353 and female locusts were used for semi-intact experiments in order to determine whether sex has 354 an influence. A bath application of adenosine influenced the return of neural excitability. 355
Excitability return was delayed in treatment groups compared to controls. This finding aligns 356 with our predictions that adenosine lengthens recovery times. Although females seemed to be 357 affected more by treatment than males, there was no difference due to sex. 358
The return of motor patterning was not influenced by adenosine treatments. This was not 359
predicted. The semi-intact preparation is more invasive, and this may impact motor pattern 360 generation. The insect central nervous system is covered by a thin muscular septum known as the 361 ventral diaphragm (Richards, 1963) . This diaphragm is composed of a single layer of muscle 362 fibres, which play an important role in ventilation as their electrical activity is coupled to that of 363 the main inspiratory muscles (Peters, 1977) . In semi-intact preparations this diaphragm is 364 removed, exposing the connective-tissue sheath covering the MTG. Due to its rhythmical activity 365 and connection with ventilatory movement, the removal of the diaphragm may impact the 366 recovery of motor patterning. Although there was an influence of adenosine on the return of 367 excitability, motor pattern generation requires coordinated signalling that may be more greatly 368 affected by the disruption of dissection than that of adenosine application. 369 370
Caffeine 371
Caffeine acts as a non-selective AR antagonist and it elicits similar effects in 372 invertebrates as in mammals (Mustard, 2014; Wu et al, 2009 ). Although AR antagonism is the 373 primary mechanism of action, caffeine also acts to inhibit phosphodiesterase, and to mobilize 374 intracellular calcium (Nehlig et al, 1992) . Our results show that caffeine has a biphasic effect, 375 with low dosages speeding up time to recovery and high dosages delaying recovery. In 376 mammalian studies this is attributed to the binding affinity of ARs (Nehlig et al, 1992; Pedata et 377 al, 1984) . Similar to adenosine, at low concentrations caffeine will more readily bind to high 378 affinity ARs. When caffeine concentrations are high, low affinity ARs will also be bound. 379
Although only one AR has been identified in invertebrates, a similar effect may be occurring 380 through interactions with other receptors. As a result of the wide scope of caffeine's actions, high 381 doses may be interacting with other molecules and causing an inhibitory effect on the nervous 382 system. 383
Caffeine administration at a low dose decreased the average time to recover excitability 384 and motor patterning following exposure to gas anoxia. These findings were not as strong as This variation in haemolymph volume may account for irregularities within whole animal 394
experiments. 395
In semi-intact preparations caffeine increased the time to coma induction and delayed the 396 time to recovery. These results indicate that caffeine contributed to the ionic disturbance 397 associated with the onset of anoxic coma. Both rhythm and excitability were lost sooner in high 398 concentration caffeine treatments (10 -2 M). Although it is evident that a loss of ion gradients is 399 critical to the initiation of SD, it is still unclear what mechanisms are behind this initiation and 400
propagation. Both mammalian and invertebrate research shows that SD occurs first as neuronal 401 silencing followed by membrane depolarization (Rodgers et al, 2010; Muller and Somjen, 2000) . 402
Our findings show that caffeine influences neural excitability and rhythm generation, however, it 403 has no effect on the timing of the DC shift. This suggests that caffeine has an effect on the 404 inactivation of neurons and not membrane depolarization. 405
Lower concentration caffeine treatments (10 -3 M) delayed the recovery of neural rhythms 406 but not that of excitability. Contrary to our predictions, this finding indicates that caffeine acted 407 to slow functional recovery at the synaptic level. These findings are surprising given our 408 previous research on intact animals. The semi-intact preparation is more invasive and results in 409 increased damage to the animal, further exposing the ganglia and nervous system to each 410 treatment. Due to this increased exposure, the low concentration caffeine had greater access to 411 the ganglia and therefore increased potential for binding to receptors. This may have been the 412 cause for the delay in recovery, similar to our preliminary findings. Further research will 413 investigate the effects of lower concentrations in a semi-intact preparation to confirm this 414 finding. 415 shown to reduce recovery times following hyperthermic coma, mediated by octopamine 420 (Armstrong et al 2006) . We explored whether adenylyl cyclase activation and inhibition would 421 produce similar results as the AR manipulations. Preliminary findings with intact animals 422 showed that forskolin, an adenylyl cyclase activator, delayed the time to stand following coma. 423
Similarly, a water-soluble forskolin derivative, NKH-477, increased the time to recover neural 424 rhythm in a semi-intact preparation. These findings were surprising, as previous research had 425 demonstrated that an increase in cAMP improved recovery times following hyperthermic coma 426 (Armstrong et al, 2006) . The preliminary research used a forskolin concentration higher than that 427 of previous studies, to ensure drug permeability in an intact preparation. This concentration may 428 have been too high, resulting in a delay in the time to stand. A similar effect may have arisen in 429 the semi-intact preparations. Perhaps this increased access resulted in an overwhelming effect 430 similar to that of high concentrations of caffeine. DDA was used as an adenylyl cyclase inhibitor, 431 which delayed the return of rhythm following the return of excitability in females. This variation 432 between sexes may be a result of differences in behaviour. When reared in a crowded colony, 433 adult male locusts must compete for female mates. This is a behaviour that requires additional 434 neural activity and hormonal control. This is supported by previous results that show an increase 435 in the time to ventilate in males during following sexual maturity (Robertson et al, 2019) . This 436 finding agrees with our predication that decreased cAMP will delay recovery. 437
In conclusion, our results demonstrate that increased adenosine does affect the recovery 439 of motor patterning in invertebrates. Motor pattern recovery is reliant on functional synapses 440 suggesting that increased adenosine delays synaptic recovery. Adenosine administration resulted 441 in the delay of functional recovery. This finding was shown in both intact and semi-intact 442 preparations. We also found that sex affects the recovery of neural excitability. Caffeine as an 443 AR antagonist showed contrasting results; due to the wide mechanistic scope of this drug, 444 additional research requires greater variation in treatment concentrations. These findings indicate 445 that increased adenosine concentrations have a similar effect on the recovery of synaptic 446 transmission as was found in mice. The effects of AR manipulation may be mediated by the 447 cAMP pathway, as similar findings are shown through adenylyl cyclase activation and inhibition. 
